enthalpy AH(Tm) can be accounted for by melting ofthe a-helical structure that is inferred by CD to constitute "60% of apoA-1 amino acids. Farand near-UV CD spectra reveal noncoincident melting of the secondary and tertiary structural elements and indicate a well-defined secondary structure but a largely melted tertiary structure for apoA-1 at -37°C and pH 7 (3) and acts as a cofactor for the enzyme lecithin:cholesterol acyltransferase (4) . The levels of apoA-1 and HDL in human plasma correlate inversely with the probability of developing atherosclerosis (5) . The sequences of apoA-1 and other exchangeable apolipoproteins contain characteristic 22-residue tandem repeats (6) predicted to form amphiphatic a-helixes that are proposed to play the key role in the lipid binding (7, 8) . Long (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) amino acids) amphiphatic a-helices packed in elongated bundles have been observed in two apolipoprotein x-ray crystal structures (9, 10) . CD analysis indicates -85% a-helical content for apoA-1 on HDL, compared to "60% in the lipid-free form (11) that is inferred to have a compact prolate shape (12) . In plasma, apoA-1 is in dynamic equilibrium among a variety of expanded conformations adopted on nascent discoidal and spherical HDL (13) . The conformation of apoA-1 varies with the size and composition of HDL, providing an important determinant of HDL metabolism (14) . Thus, both the lipid binding and the functions of apoA-1 on HDL are critically dependent on its conformational adaptability.
The thermodynamic properties of apoA-1 unfolding appear different from that of typical globular proteins. Chemical unfolding of apoA-I is brought about by only -1 M guanidine hydrochloride (15) (15, 18) .
Our work revises the thermodynamic description of apoA-1 unfolding under near-physiological conditions. By using adiabatic differential scanning calorimetry and far-and near-UV CD, we demonstrate that lipid-free apoA-1 undergoes a lowcooperativity non-two-state thermal unfolding and displays other properties consistent with the molten globular state. The molten globular state is defined as a compact folding intermediate with a near-native secondary structure but lax tertiary structure (19, 20 ifications to the thermally denatured protein) occur on a slower time scale than the protein unfolding and constitute only 15% of the total calorimetric enthalpy (Fig. 2) . Thus every 0.5 nm at a rate of 0.5 nm/sec and averaged over five runs. The CD spectra were recorded in the far-UV by using a 0.5-mm quartz cell with apoA-1 at 0.17-0.3 mg/ml and in the near-UV by using a 10-mm cell with apoA-1 at 0.3-0.8 mg/ml. The normalized spectra were independent of the protein concentration. Thus, the observed temperaturedependent spectral changes were not linked to apoA-1 self-
RESULTS
Effect of apoA-1 Concentration on the Partial Heat Capacity Cp(T). At protein concentrations of 1.7-4.7 mg/ml, the thermal transition of apoA-1 is resolved as a peak extending from 25°C to 90°C (Fig. 1, curves A and B ). An additional high-temperature peak is observed at apoA-1 concentration >4 mg/ml (Fig. 1, curve B) , apparently resulting from the aggregation of thermally denatured protein. With increase in apoA-1 concentration above 5 mg/ml, this additional peak broadens and shifts to lower temperatures overlapping the thermal transition (Fig. 1, curves C and D) .
At apoA-1 concentrations <5 mg/ml, integration of Cp(T) [2] and To-AS(To) = AH(Tm)-To/Tm -ACp-To-ln(Tm/To). [3] The values of AH(To) and AS(To) for apoA-1 at To = 37°C were assessed, based on the calorimetric enthalpy AH(Tm) = 200 kcal/mol of the major transition, and assuming ACp < 1 kcal/mol. The Figs. 3 and 4 , respectively. The absence of a well-defined isochromatic point in the far-UV CD spectra (Fig. 3 Inset) suggests noncoincident melting of different secondary structural elements characteristic of a non-two-state transition (25) . At near-physiological temperatures, the secondary structure of apoA-1 is largely intact (Fig. 3) and is characterized by =60% a-helical content, as inferred from the molar ellipticity at 222 nm measured in this and other studies (8, 11 (Fig. 4) . Thus, unfolding of the secondary structure of apoA-1 is preceded by the disruption of the tertiary contacts that at near-physiological temperatures are significantly melted.
DISCUSSION
Interpretation of the Calorimetric Transition. The peak temperature Tm and the calorimetric enthalpy AHcal(Tm) of the major calorimetric transition are independent of the protein concentration (Fig. 1) , even though apoA-1 is predominantly oligomeric at 25°C at the concentrations 1.7-4.7 mg/ml used in our calorimetric experiments (23) . This suggests that the major transition may be due predominantly to the monomer unfolding rather than to disassociation of apoA-1 oligomers. Indeed, the extent (25°C-90°C) of the major calorimetric transition is in agreement with the range of melting of the a-helical structure determined by CD (Fig. 2 Inset) . Since at -0.2 mg/ml concentrations used in the far-UV CD experiments apoA-1 is largely monomeric (23) , the extended thermal transition can be attributed to the disruption of the secondary structure of the monomer rather than to quaternary structural changes. Furthermore, the midpoint Tm -57°C of the calorimetric transition corresponds to the midpoint of melting of the a-helical structure (Fig. 2 Inset) which contains =60%, or 150 amino acids, in lipid-free apoA-1. The expected enthalpy of melting of this structure is =200 kcal/mol [using the value of 1.3 kcal/mol per residue for a random coil-to-helix transition in aqueous solution (26, 27) ], in agreement with the measured AH(Tm) of the major calorimetric transition. Thus, this major transition may represent disruption of the a-helices in apoA-1. Comparison with the unfolding of isolated a-helices in water, which extends from =20°C to =100°C and is characterized by -20 residues in the cooperative unit (26) , suggests that the a-helices in apoA-1 are relatively weakly stabilized by tertiary interactions.
The individual a-helices of apoA-1 may be stabilized by intrahelical salt links created by oppositely charged residue pairs located three or four positions apart. Eleven intrahelical salt links have been identified in the x-ray crystal structure of the N-terminal domain of human apolipoprotein E3 (10 Fig. 3 (11) . This enhanced stability is probably brought about by hydrophobic interactions between the apolar surfaces of the amphiphatic protein a-helices and the lipid matrix (7, 11) . However, these lipid-protein interactions apparently lack the packing specificity characteristic of the internal protein side chains and do not present a high-energy barrier for apoA-1 exchange among HDL particles in the course of their metabolism (11) . Thus, unfolding of apoA-1 on HDL may also be a complex non-two-state transition. This suggests that the enthalpies of unfolding of apoA-1 complexes with lipids, assessed from the spectroscopic analysis of their denaturation based on a two-state kinetic model (16, 34) , may be underestimated.
Low free energies of stabilization AG -4 kcal/mol have also been inferred for other exchangeable apolipoproteins and their complexes with lipids [except the N-terminal domain of apoE (10)], based on the spectroscopic analysis of their chemical unfolding, which again was assumed to be a simple two-state process. However, sequence similarities of the members of this protein family (35) and their lipid binding and aggregation properties suggest that the lipid-free states of other exchangeable apolipoproteins may also be molten globular. If this is the case, then the thermodynamic parameters of unfolding of these apolipoproteins also have to be reevaluated.
